Abstract. We report on the scaling properties and loss mechanisms of Tesla turbines and provide design recommendations for scaling such turbines to the millimeter scale. Specifically, we provide design, fabrication and experimental data for a low pressure head hydro Tesla micro-turbine. We derive the analytical turbine performance for incompressible flow and then develop a more detailed model that predicts experimental performance by including a variety of loss mechanisms. We report the correlation between them and the experimental results. Turbines with 1 cm rotors, 36% peak efficiency (at 2 cm 
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Introduction

Motivation
The goal of this work is to provide design guidelines for small Tesla turbines and a scaling methodology for optimum design of microscale turbines. At scales at which inertial forces dominate -which include conventional power generation turbomachinery-inertial turbines are preferred over Tesla 'friction' turbines. However, as is well known, inertial turbines suffer heavy losses as they are scaled down. At scales approaching a few cm 3 of turbine volume, surface area-to-volume ratio increases, surface tension, adhesion, and cohesion forces begin to dominate inertial forces. In contrast, Tesla rotors use kinematic viscosity and surface effects (rather than inertia) to convert flow energy into rotational motion and are thus interesting candidates for miniaturized micro-scale power generation machinery. As such, such turbines may find use both in ultra-small-profile heat engines and in the scavenging of energy from low pressure head flow. To date, no comprehensive work exists that details the scaling constraints and performance trade-offs when attempting to engineer very small (~ 2 cm 3 ) Tesla friction turbines. The 2 cm 3 rotor turbine presented here is, to our knowledge, the smallest hydro Tesla turbine reported, with an unloaded peak power of 45 mW at 12 cm 3 /s flow and peak efficiency of 36% at 2 cm 3 /sec flow. Moreover, the entire turbine is built using a variety of modern commercial rapid prototyping methods, making its construction accessible to almost anyone. This work discusses the design of miniaturized turbines (1 -60 mm diameter) that are capable of producing 8 mW -150 W rotational power output. These turbines operate at low rotational Reynolds numbers (N RE ~ 1-40) corresponding to laminar flow.
Basic Operation
Tesla turbines were first proposed more than 100 years ago by Nikola Tesla [1] . In this turbine (figure 1), the adhesion and viscosity of a moving medium are used to propel closely spaced disks into rotation. The fluid enters the inner space between the disks from the periphery and exits through central holes near the axle (dotted lines). There are no constraints or obstacles intended to couple inertial forces (i.e. vanes) as in traditional turbines. The fluid enters tangentially at the periphery and makes several revolutions while spiraling towards the central exhaust (dotted lines). During this process, it transfers momentum to the disks. 
Previous Work
Tesla turbine performance has been characterized by many researchers. Rice's [2] analysis was among the first and claims turbines can be made up to 90% efficient, and designs on paper by Ho-Yan and Lawn et al claim over 70% efficiency [3] [4]. Deam et al [5] argued that at small scales (sub-cm diameters) viscous turbines outperform conventional bladed turbines and can provide ~40% efficiency. Hoya et al and Guha et al [6] , [7] analyzed these devices (with computational models, experimentation, and analysis for medium to large sized turbines) and claimed 25% efficiencies and demonstrated nozzle designs that could improve upon this efficiency. Though derived for mesoand macro-scale turbines, all the works above form an excellent basis for verification of micro turbine design. A large body of literature does exist on microscale inertial turbines and similar power-generating microelectromechanical systems (MEMS); these systems usually operate between 100k and 1 M rpm and at least one order higher power density
The initial design for our 2 cm 3 turbines was derived from design graphs presented by Lawn for macroscale turbines [4] .
The fabrication and experimental results were disclosed in an earlier paper by Krishnan et al [11] . We predicted the test turbine performance using an analytical solution posed by Carey [12] and verified it with an ANSYS simulation of the micro turbines. The correlation of the experimental results with the analytical prediction and ANSYS simulation was reported by Romanin and Krishnan et al [13] .
There have been many attempts to employ various motive media in Tesla turbines. Designs with power densities ranging from 5 mW/cm 3 to 30 W/cm 3 are reported by various researchers and manufacturers [3] [4] [11] [14] . In general, the reasons behind the wide variation in the power density of the designs are not well explained and the efficiency discrepancy between the theory and practice is not adequately quantified.
Present Work and Methodological Overview
In this paper, we first derive an analytical model for incompressible flow and then add loss models to it. We present the effect of turbine physical and operating parameters on its performance. Using the 300 mm turbine design by Lawn et al [4] as reference, we present a design methodology for scaling down from 400 mm to 1 mm diameter rotors maintaining better than 40% efficiency.
Our turbine model is based on the analytical solution (integral perturbation model) for the rotor momentum and pressure drop posed by Romanin et al [15] . The ideal rotor momentum transfer and head drop are first derived for non-dimensional flows. The actual turbine performance is then calculated by adding the losses incurred across the turbine. Losses due to the nozzle path friction and the disk friction dominate the performance loss in the low laminar flow regions. The volume loss, exit kinetic energy loss and bearing loss increase in the high flow, high rotor speed regions. There is also impact loss in the slot nozzles at the nozzle-rotor interface. These losses are functions of the turbine parameters and the performance goes down as the system scales down to the millimeter scale, resulting in different optimum operating regions for the macro and the micro turbines. As a case study, this analysis is applied to our 2 cm 3 turbine and theoretical and predictions are compared with experiment. We present a scaling report, wherein the effect of main turbine parameters (rotor radius, interdisk space, rotor thickness, number of disks, tip clearance, rotor-enclosure gap, nozzle width, nozzle height and exhaust to entry radius ratio) on the turbine performance is detailed. Tesla rotor behavior is very sensitive to the rotor and nozzle dimensions and stable, reliable performance demands high accuracy and precision in fabrication which gets harder to meet as the turbine scales down. Keeping this in focus, different scaling techniques are investigated and recommendations are made for the micro turbine design.
In Materials and methods we provide fabrication, assembly and testing details for the turbines. In Theory and Modeling, we discuss the various models of the turbine namely: analytical (integral perturbation), predicted and experimental (test system) models. In Loss models subsection we summarize all significant losses. In Experimental Results we report experimental data, trends, correlation to prediction, and mapping of the test system results over the predicted and analytical results. In Design approach we recommend the design parameters and constraints for the turbine and methods for minimizing various losses. In Scaling approach, we present the scaling effects of turbine parameters on efficiency, power output, power density, rotor speed, head and flow and make recommendations for picking optimum operating points as rotors scale down. We conclude with a recapture of our findings and future directions.
Materials and Method
Turbine fabrication and assembly
In this section we briefly discuss the fabrication, experiment and the data analysis for the micro turbine. Additional details can be found in [11] .
Disks of 1 cm and 2 cm diameter with three different center exhaust hole patterns were fabricated using commercial photoetching (Microphoto, Inc., Roseville, MI) on 125 µm thick, 300 series full hard stainless steel sheets (figure 2a-2c).
A square axle with rounded ends was used to enable automatic alignment of the disks. Four rotors are fabricated to fit into same enclosure (table 1) . Rotors varied in interdisk spacing from 125 μm to 500 μm and in exhaust to entry ratio from 0.47 to 0.51 Nozzle design plays a critical role in turbine performance [7] . [16] . To explore the nozzle parameter space, we used 3D plastic rapid prototyping (ProtoTherm 12120 polymer, 50 μm layer thickness, High-Resolution Stereolithography 3, FineLine Prototyping, Inc., Raleigh, NC) which allowed us to build designs which would otherwise be un-machinable. Eight nozzles (N1-N8) were designed using three different shapes, three different areas, and four different angles of entry (figure 3, table 2)). Spring loaded Ruby Vee bearings (1.25 mm OD, Bird Precision, Waltham, MA) connect the rotor shaft to the housing These perform well at <10000 RPM. Adjusting the bearings' position, the rotors are located with respect to the nozzles. Turbine operation and experiment The experiment setup: A gear pump (EW-74014-40, Cole-Parmer) was used to produce flow while the pressure at the nozzle inlet was measured (DPG8000-100, Omega Engineering). During operation, the rotation of the turbine was recorded using a high speed video camera (FASTCAM-X 1024PCI, Photron). Thermocouples at the top and bottom of the enclosure (5SC-TT-K-40-36, Omega Engineering) monitored turbine temperature (figure 4). Eight systems with different nozzles and rotors were tested. Pressure p expt vs. flow rate q expt measurements were recorded for all the systems. The rotational Reynolds number N RE = ω b 2 / ν was found to be in the desired region of < 15 for the 20 disk stacks at flow rates from 2 cm 3 /s -20 cm 3 /s, where ν is fluid kinematic viscosity and ω is rotor angular velocity.
Figure 4. Experimental system
Data collection and analysis Data collection began when the turbine was at rest. Flow was then initiated, and once the rotor speed stabilized, flow was halted, and data collection continued until the turbine returned to rest. Angular accelerations and decelerations were computed from video data by performing polynomial curve fit on the frequency vs. time data and extracting the fitted curve's slopes at given frequencies. At any RPM, the acceleration of the turbine multiplied by J, the moment of inertia of the rotor represents the torque being exerted by the fluid on the rotor, minus the resistive torque caused by the bearing friction of the rotor mechanism, and the deceleration of the rotor multiplied by J, represents the resistive torque of the rotor. The sum of the magnitudes of torques, τ represents the total torque exerted by the fluid on the rotor, and is used to calculate the unloaded torque. The work done is derived by multiplying torque with angular velocity ω of the rotor as in (1) . The experimental efficiency is calculated using this, as the bearing loss can be recovered with suitable bearings. A similar method was used by Hoya to calculate the unloaded torque and work done [6] .
Experimental Uncertainty Turbine design, fabrication, and test set-up were designed for rapid iteration and simplicity, for the sake of identifying problems in micro-turbine design and for deriving optimum design parameters. The broad array of turbine parameters allowed exploration of performance trends and the experimental uncertainty is estimated as follows. Fabrication, test procedure and test data analysis each contributed an uncertainty of 4%, 5% and 10% respectively. In here all are treated as independent random processes and the overall uncertainty is estimated as 12%.
Theory and Modeling
Below we first discuss the basic analytical model for a microscale turbine. The analytical model inputs the rotor dimensions, flow profile, normalized flow parameters and Reynolds number and computes the rotor flow and pressure drop characteristics. The flow momentum in the analytical model is verified using ANSYS simulation and the turbine model is verified using published articles [4] . The head loss and shaft power loss models are derived from both experimental measurements and the analytical model.
Analytical Turbine model
A basic analytical treatment of flow and pressure drop between adjacent rotating disks in a Tesla rotor was presented by Romanin and Carey [15] and is used here to generate the model. The following assumptions are made to simplify the equations.
 Flow is incompressible, steady, laminar and two-dimensional: flow axial velocity = v z = 0  The flow field is radially symmetric, so all angular derivatives of the flow field are zero including at the outer periphery of the rotor. Though this assumption is not true for a single nozzle entry, our ANYSY flow simulations showed [13] that flow is symmetric within 10% of the entry.  Entrance and exit effects are not considered in this model. Only flow between adjacent rotating disks is modeled.  The ratio of interdisk spacing to disk radius (aspect ratio), b/r o , is less than 0.05
In this model, the fluid profile φ(z) in the rotor interdisk space is given in terms of a profile number n ( equation (2), figure 9 ). Axially averaged tangential v θ and radial v r velocities of the flow are calculated from the fluid profile and the fluid tangential and radial velocities.. We apply n=2 for parabolic profile flow with individual nozzles for each disk pair and n = 6 for uniform profile flow with slit nozzle scanning across all the rotor disks.
The analysis henceforth uses dimensionless parameters. Size, velocity and pressure parameters are normalized by r o , the rotor radius, v tip , , the rotor tip velocity and ρ v 
⁄ ⁄ ⁄
Efficiency estimate
The mechanical efficiency of the rotor η rm is derived from the utilized fluid momentum. The ideal (simple analytical) turbine head P ideal is calculated by adding the reversible kinetic energy KE in at the rotor entry to the head drop P in the rotor and the ideal turbine efficiency η ideal is calculated using this turbine head. The estimated turbine efficiency η pred is calculated using the experiment head P expt as in (4) .
Loss model
Central to the concerns in this paper is a thorough understanding of turbine loss mechanisms at the scales of interest.
There is efficiency loss in the turbine due to fluid frictional loss in the nozzle, disk friction loss in the clearance between disk and the housing, mechanical loss in the bearing, unused head loss from volume leakage caused by inadequate sealing, unused kinetic energy loss at the exhaust and impact loss due to geometry mismatch between the nozzle exit and rotor entry. Disk friction is described and quantified by Daily et al [17] ; nozzles losses are given by the Darcy-Weisbach [18] . Nendl discusses flow turbulence in the rotor [19] . The losses have been measured, derived, simulated and reported in the literature [7] [16] [20] Zeng et al provide an overview of losses in hydroturbines used in power generation [21] .
The loss models are discussed in Appendix A.
Based on the investigation we categorized the losses into two types and modeled them as functions of flow rate and shaft power. There is head loss due to friction in the nozzles, pressure drop in the rotor, unused kinetic energy at the exhaust, volume leakage due to poor sealing and friction in the bearing. This is accounted for as an equivalent head loss modeled as a second order polynomial in flow rate [21] . The tip frictional loss due to the trapped fluid between the rotor tip and the cylindrical enclosure and the disk frictional loss due to the fluid in the gap between the rotor end disk and the corresponding enclosure wall are modeled as a fraction of shaft power [17] .
Test system model
The test system model is derived in two steps. First, the head loss p loss is modeled as a polynomial in flow rate and the coefficients are derived from ideal heads and corresponding test heads at different flow rates. Next the shaft power loss T loss is modeled as the average difference between the predicted and test efficiencies. For this system, a 0 =0, a 1 = 1.81, a 2 = 0.017, T loss = 0.586 , q is in cm 3 / min and p loss is in Pascal. These estimates are used to map the ideal turbine efficiency to predicted efficiency first (η id2pr ) and to experimental efficiency next (η id2ex ) (5).
Results
Experimental results
Below we present experimental results from fabricated turbines along with observed trends in the turbine performance. We discuss the mapping of the test results into the predicted and analytical result. Performance trends of turbines Decreasing interdisk space (for a given mass flow rate) increased efficiency in experimental data, and the predicted data ( figure 5 ). This is consistent with theory.
Increasing the velocity at the inlet to the rotor by decreasing the nozzle area (preserving mass flow rate) increased efficiency up to a limit. Though higher velocity increases the kinetic energy and thus the efficiency, lower nozzle area increases the nozzle loss and lowers efficiency ( figure 6, table 3 ).
Increasing interdisk space (R1 to R3) or increasing inner to outer radius ratio (R1 to R2) moved the efficiency peak to lower flow rates. The higher aspect ratio of R3 and the lower active area of R2 both require slower flow to ensure similar momentum transfer efficiency as R1
Maximum efficiency was achieved at low flow rates. The 13 disk rotor stack (R3) realized 36% efficiency for 2 cm 3 /s flow rate at 0.4 mW shaft power (table 3) .
Analytical to experimental mapping
For rotor1-nozzle3 tests are conducted at flow rates ranging from 2 cm 3 /s to 15 cm 3 /s. The experimental, the predicted and the ideal efficiencies are derived using equations (1) to (4) . Then equation (5) is used to map the ideal efficiency to the predicted and the predicted efficiency to the experimental ( figure 7 ). For rotor1 an ideal performance surface is generated with U o = 0.1. The relative tangential velocity W o and the Reynolds number Re m * are varied over the operating range of -0.5 to +0.5 and 0.1 to 2 respectively. The predicted and the experimental performance with the three nozzles R1-N3, R1-N4 and R1-N7 at a medium and high flow rate with 0.08 < U o <0.11 is picked and mapped onto the ideal rotor1 surface (figure 8).
Discussion-design
Design approach
With control of flow profile (figure 9a) and operating Reynolds number, the non-dimensional rotor behavior can be maintained the same across the scaling. Given a subset of specifications (from available head, flow, power input, desired RPM, power density, power output, and size) we can derive a range of turbines using the non-dimensional operating points. Based on the fabrication restrictions and other specifications, the turbine design can be narrowed down (figure 10). A list is developed with all of the parameters, constraints and their effect on the turbine performance. The aim of the design is to maximize rotor performance and to minimize losses.
The optimal performing rotor
The five dimensionless parameters n, V o , U o , N RE , ξ i that affect the rotor performance are studied to pick an operating range for lossless turbines. These parameters also control the number of revolutions fluid makes before exiting the rotor (figure 9c).
Profile of the flow n
Uniform flow with n=6 results in less rotor drop (figure 9b) and the efficiency curves broaden allowing for higher rotational speed and higher power output compared to parabolic flow n=2.
The non-dimensional fluid tangential entry velocity, V o
For a normalized average tangential velocity, V o , less than 1, the rotor imparts a portion of its torque to the fluid, resulting in a sharp drop in shaft power and efficiency; when V o is near 1, the fluid makes many turns inside the rotor before it reaches the exhaust transferring a large portion of its momentum to the rotor, but at low power. As V o increases above 1, the power transfer increases, but the efficiency drops due to increase in kinetic energy loss at the exhaust. Tesla suggested a normalized velocity of 2.0 [14] and Lawn et al [4] used values between 0.8 and 1.3. The optimum range for V o is between 1.1 and 1.3, where power density gain of 20% can be achieved for an efficiency loss under 5%.
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The non-dimensional fluid radial entry velocity (flow rate indicator), U o
As the normalized radial velocity, U o decreases, the efficiency increases and the power density decreases. When radial velocity is high, the efficiency drops but the power density increases. The optimum range is between 0.01 and 0.06.
The modified Reynolds number, Re m *, and rotational Reynolds number, N RE
Re m * is the rotor flow Reynolds number and is equal to 4 U o N RE . For convenience, we discuss N RE which is independent of the flow parameter. N RE varies between 1 -15 for the water turbines presented here with the optimum value of ~4 for 300 mm turbines; similar rotor performance is achieved at N RE ~8 for the mini 10 mm turbines, and at N RE ~12 for the micro 2 mm turbines
The exhaust (inner) to rotor (outer) radius ratio, ξ i
When exhaust radius is large (>0.6 -does not make many revolutions), fluid exits the rotor without transferring all its momentum to the rotor. When this is small (< 0.2 -may exceed Nendl limit of 10) [19] , the fluid at the exhaust turns turbulent. Optimum range for this parameter is between 0.3 and 0.4.
Minimization of losses
In an ideal turbine, the efficiency would be determined by the rotor drop P and kinetic energy at the rotor input KE in . In a real system, there are many sources of loss and, importantly, these are scale dependent (Appendix A). Figure 10 shows the performance of a 2 mm rotor with no loss, with nozzle loss, with both nozzle loss and diskfriction loss.
Head loss minimization
Nozzle loss is the major contributor to head loss. All other head loss contributors can be minimized by good design practices. Nozzle loss depends on the turbine dimensions and operating flow rates. As turbines scale down Re noz , the nozzle Reynolds number drops, increasing the loss incurred. The following observations are relevant to scaling.
 We can minimize nozzle loss by designing nozzles such that Re noz ~ 2100 for nozzles with relative roughness rough noz > 0.02 and Re noz as high as possible for smoother nozzles (equation (A.1) ).  The position and orientation of the nozzles should be adjusted for maximum arc-width coverage for a given nozzle width (Wnoz) while minimizing the volume loss into the clearance. The length of the nozzles (L noz ) should be minimized using techniques such as plenum chambers [7] .  In a slit nozzle the hydraulic diameter of the nozzle is given by D noz = 2 W noz H noz / ( W noz + H noz ) , where H noz is the height of the nozzle which scales with the number of disks. The Reynolds number Re noz , can be modified by changing the number of disks. In an individual nozzle per disk case, optimum D noz is equal to interdisk space b resulting in higher nozzle loss, though the individual nozzles can reduce the leading edge losses, gap losses and may reduce overall loss.  The height of the slit nozzle should span the entire length of the active rotor disks for maximum efficiency.  The end disks and the turbine enclosure at the end disks can be made larger to contain all the fluid volume into the rotor space.
Shaft power loss minimization  Gap loss can be reduced by increasing the gap, reducing the fluid entrapment with better sealing and drainage.  As tip friction depends on t/c, by decreasing the disk thickness or by increasing clearance performance can be improved. When increasing rotor tip clearance, proper sealing should be provided to prevent fluid from escaping through the clearance into the gap at the ends of the rotor [17] .  Higher rotor speed increases disk Reynolds number thus reducing the tip loss, though it increases the bearing loss.
Minimization of other loses
 Impact loss at the leading edge can be minimized by reducing the disk thickness.  Shaft-less rotors accommodate higher power transfer while maintaining desired exhaust area. Roughening the rotor surface reduces the centripetal loss while maintaining the momentum transfer.  Using air or magnetic bearings for small and micro turbines and ball bearings for bigger turbines minimizes the bearing loss improving efficiency. 
Scaling approach
We take a practical approach and base our scaling on specifications of the turbine such as available head, available flow, desired RPM and desired power density. A scaling function was derived and used for the consecutive evaluations of the effect of other dimensional and operating parameters on the overall turbine efficiency and power output. A hydro turbine of 300 mm rotor with 200 μm interdisk space described by Lawn et al [4] is used as the reference rotor for this study.
Scaling rotor parameters
The turbine scales with the rotor diameter and all the nozzles and turbine dimensions can be related to the rotor dimensions. A proportional scaling down of the whole turbine is not optimum, as in this case the power density varies inversely with (scaling) 4 . Beans [14] , Lawn et al [4] investigated the performance sensitivity to interdisk spacing and showed about an order of magnitude difference in power output for the same size rotor with different disk spacing. To study the effect of scaling, we scaled radius by r scale and the interdisk space by b scale = r k scale at k = 0.0, 0.15, 0.33, 0.5 and 1.0. Using k = 0.5, turbines can be designed to operate at given pressure head. At k = 0.33, the scaling preserves power density. We also evaluated at k = 0.15, as this corresponds to our test turbine. Effect of k on power density and interdisk spacing is shown ( figure 11 ) for 1 mm to 400 mm rotor range. Scaling at constant power density: k = 0.33 Using k=0.33, design parameters for a mini 1cm and micro 2mm turbine were derived. Figure 10 shows the performance results for both lossless and lossy 2 mm turbines. The trends show it is possible to design a ~50% efficiency turbine with Watts/cm 3 range power density in a 2 mm microscale turbine, if it operates at higher rotational
Reynolds number and flow rate parameters (with a concomitant increase in the RPM and the power output). It should be noted though that these graphs do not include the volume loss, bearing loss and leading/trailing losses. Accounting for these at an additional 10% loss, it thus appears feasible to fabricate a microscale rotor with ~40% efficiency.
Optimizing scaling practical turbines
Optimization is done using following method. Power density of about 2 W/cm 3 is chosen as the target for design. To standardize across practical rotors, we kept the rotor height to be equal to its radius, the disk thickness t to be half of interdisk space b, the tip clearance to be the larger of 1% of the radius r o and 0.2*(t+b), the gap to be 2*(t+b), and the nozzle roughness parameter ε to be inversely proportional to the radius. With this setup, the scaling effect is studied.
A three level approach is used to design and to specify operating regions for the turbines across scaling from 1 mm to 400 mm diameter range. First an operating parameter set is generated at k = 0.33, for the range to provide a better than 40% efficiency. Next the power scaling k for interdisk space is tuned to provide tighter power/cm 3 across the range.
Last, the interdisk spacing is tuned linearly to adjust the mean power density to be 2 W/cm 3 .
Six A percent change to interdisk space results in about -6% change to power density and -2% change to the rotor speed. The interdisk space effect is studied at four steps varying it from -7% to 14% ( figure 13 ). With minor changes to interdisk space, the power/disk can be tuned almost 1:3 (figure 14b) without much change to efficiency (figure 14a) or RPM (figure 14c). Using 1.4 W/cm 3 specifications, a sample design for a 2 m head and 1 cm 3 /s flow rate is derived (table 4) .
Here the size is based on the head at 1.4 W/cm 3 power density and the number of disks is based on the flow rate. The actual power density achievable is related to the fabrication accuracy. In practice, a design optimization needs to be run to maximize power output at the fabrication accuracy. Scaling down below 1 mm rotors may not be practical. Tesla turbine performance is very sensitive to fabrication accuracy and material stability. Though Tesla rotors do not have obstructing vanes, the particulate size in the fluid dictates the lower limit of the interdisk space. The interdisk space to disk radius ratio needs to be smaller than 0.05 for operation efficiency and that indirectly limits the minimum radius of the rotor discs. Additionally, smaller rotors operate at lower flow rates resulting in higher frictional losses, thus bringing efficiency down. (Arguably, this problem can be mitigated by increasing the rotor speed and tangential velocity for a combined optimization of power output and efficiency but these numbers may become unfeasible for < 1 mm turbines).
Conclusions
We have shown here that it is possible to fabricate sub-cm Tesla turbines with commercially available technology and with careful design it is possible to achieve close to 40% efficiency even when scaling to mm-diameter rotors. We caution that the benefit of higher efficiency and usefulness of this hydro turbine may be limited to the 1 mm to 60 mm range in an open loop system (although the range could be larger with other fluids and with incompressible flow). When considered in conjunction with fabrication capabilities, the work provides a guide to what is achievable as down-scaling of these systems is considered. The analysis here is focused on incompressible flow with water as the medium. Extension of the analysis to other fluids and further analysis when dealing with compressible flow are future steps.
